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Abstract
For the Department of Veterans Affairs (VA), traumatic brain injury (TBI) is a significant problem facing active
duty military personnel, veterans, their families, and caregivers. The VA has designated TBI treatment as one of
its physical medicine and rehabilitation special emphasis programs, thereby providing a comprehensive array of
treatment services to those military personnel and veterans with TBI. Timely treatment of TBI is critical in
achieving maximal recovery, and being in geographical proximity to a medical center with specialized TBI
treatment services is a major determinant of whether such treatment is utilized. We present a mixed integer
programming model for locating TBI treatment units in the VA. This model was developed for the VA
Rehabilitation Strategic Healthcare Group to assist in locating new TBI treatment units. The optimization model
assigns TBI treatment units to existing VA medical centers while minimizing the sum of patient treatment costs,
patient lodging and travel costs, and the penalty costs associated with foregone treatment revenue and excess
capacity utilization. We demonstrate our model with VA TBI admission data from one of the VA's integrated
service networks, and discuss the expected service and cost implications for a range of TBI treatment unit
location options.
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1 Introduction
Traumatic brain injury (TBI) is broadly defined as brain injury due to externally inflicted trauma [1]. In the
general population, the primary causes of TBI are from falls, motor vehicle accidents, and assaults [2]. However,
military personnel are especially vulnerable to TBI, given their age, gender, and occupational-related risk factors.
For example, blast injuries such as from rocket-propelled grenades are a leading cause of TBI for active duty
military personnel in combat [3].
For the Department of Veterans Affairs (VA), TBI is a significant problem facing active duty military personnel,
veterans, their families and caregivers. According to the Defense and Veterans Brain Injury Center (DVBIC),
approximately 7,000 Americans admitted to military and veterans hospitals have a TBI-related diagnoses
annually during peacetime, while during times of combat, approximately 1420% of surviving casualties will be
TBI-related [4]. The current military conflicts in Afghanistan (i.e., Operation Enduring Freedom) and Iraq (i.e.,
Operation Iraqi Freedom) have been adding to these numbers dramatically. For example, between July and
November 2003, the DVBIC at Walter Reed Army Medical Center screened 155 patients who had returned from
Iraq and were deemed as being at risk for brain injury. Ninety-six of the 155 screened were identified as having
sustained a brain injury. Of the 88 blast cases included in the total number screened, 54 were identified as
having sustained a brain injury [3]. As of March 4, 2006, of the approximately 17,000 wounded American
soldiers, more than 1,700 have suffered brain injuries [5].
Prior to 1992, the VA had no formal programs for the rehabilitation of active duty military personnel and
veterans sustaining a TBI. The DVBIC, originally established in 1992 as the Defense and Veterans Heath Injury
Program (DVHIP) by the VA and the Department of Defense (DoD), designated four primary VA medical centers
in Minneapolis, MN, Palo Alto, CA, Richmond, VA, and Tampa, FL and three military centers for TBI treatment. In
1996, the United States Congress passed the Veterans Health Care Eligibility Reform Act (Public Law 104-262)
with section 104 of that law establishing the requirement that the VA maintain its capacity for the specialized
treatment and rehabilitation of select patient populations, including TBI. In 1999, the VAs Office of Healthcare
Inspections recognized the comprehensive specialized care provided at the four primary medical centers, but
indicated concerns regarding limited capacity at these medical centers, especially as it related to distance

between the centers and the patients and their families and the need to reintegrate patients back into their
communities [6]. To expand and improve referrals, an additional 17 VA medical centers were designated as
secondary and network sites. These sites provide comparable care to primary sites, but generally offer a less
inclusive range of rehabilitative services. Individuals evaluated at a DVBIC site receive a comprehensive
assessment with examinations ranging from simple blood work to neuropsychological testing. Individuals
admitted to a TBI treatment unit receive a variety of multi-disciplinary therapies (e.g., psychiatric assessment,
occupational therapy, therapeutic recreation, etc.) tailored to meet the patients individual needs
(http://www.dvbic.org/).
The availability and accessibility of TBI treatment units is a key health policy issue for the VA. Timely treatment
of many types of TBI is critical in achieving maximal recovery, and being in geographic proximity to a medical
center that provides TBI treatment can greatly influence whether a TBI admission goes to that medical center.
For these reasons, careful attention must be paid to the location of TBI treatment units within a large-scale
health system such as the VA. It is within this context that we present a mixed-integer programming model to
locate TBI treatment units for the VA. Our optimization model strives to balance two conflicting pressures on the
VA: (1) the
VAs service mission to provide available and accessible health services to eligible veterans, and (2) the strict
budget and spending limitations faced by government agencies. Our optimization model allows VA decisionmakers to explore how TBI treatment unit location and the accessibility of TBI treatment units affects the
utilization of the VAs TBI treatment units and the costs borne by the VA and by the TBI admissions and their
families.
The remainder of this paper is organized as follows. In Section 2, we provide a brief description of the VA and
the medical and economic implications of TBI. Section 3 contains our optimization model and defines the
relevant decision variables and objective function cost and constraint parameters. Section 4 describes the data
sources required by our optimization model and explains how we obtain estimates for our models parameters.
Then, in Section 5, we provide an illustration of our optimization model as a case study based on one of the VAs
integrated service networks. Last, concluding remarks and directions for future research are given in Section 6.

2 The Department of Veterans Affairs and traumatic brain injury
The VA, through the Veterans Health Administration (VHA), is the largest, not-for-profit, integrated healthcare
system in the United States. One of the goals of the VA is to ensure that quality medical care is provided on a
timely basis to all eligible veterans. While all veterans who enroll in the VHA are eligible to use the VHAs
services, veterans are given differing priorities for care, depending generally on whether veterans have disabling
conditions that occurred during military service, the severity of those injuries and/or medical conditions, and
whether the veterans have the financial ability to obtain care outside of the VHA. VA system capacity is limited
by the available supply of VA services which are constrained by VA budgetary allocations [7]. As the quantity of
services consumed grows relative to available resources, access to the VHA becomes limited to veterans
designated as high priority (i.e., veterans with service connected conditions and/or low income).
The new generation of veterans has different socio-demographic characteristics, military experience, and health
conditions than preceding services era veterans and, consequently, has distinctive medical needs and
expectations from the VA. Specifically, with the change in modern warfare and military operations, the injuries
sustained by todays soldiers are different from past military engagements [8, 9]. Injuries that would have
resulted in death in earlier combat engagement are not as lethal due to advances in military protective gear
(e.g., Kevlar body armor and helmets). Additionally, the responsiveness of on-site medical personnel and the
ability to evacuate the wounded to technically sophisticated medical facilities has increased the survival of those

wounded in action [10]. For instance, it is estimated that approximately 22% of the wounded personnel passing
through Landstuhl Regional Medical Center in Germany have suffered a TBI. By contrast, about 13% of Vietnam
veterans had a brain injury and mortality from brain injuries was 75% or greater, implying that soldiers with TBI
were infrequent casualties in hospitals [11]. Further, while it took 45 days, on average, for soldiers wounded on
the battlefields in Vietnam to arrive in the United States, the average length of time has been reduced to only 4
days for the Iraqi theater combatants [12]. As a result of greater survival, however, these new veterans may
have a greater need for rehabilitation due to residual deficits from TBI or poly-trauma injury than any other
period of service veterans preceding them [9, 13, 14]. In fact, injured veterans from the conflict in Iraq and
Afghanistan are returning with injuries that are stressing the rehabilitation capacity in the VHA [13]. Not
surprisingly, TBI treatment is one of the VHAs physical medicine and rehabilitation special emphasis programs
[15].
To identify the VAs TBI admissions, we use the Centers for Disease Control and Prevention (CDC) algorithm.
According to the CDC, the clinical case definition for a TBI admission is either: (1) an occurrence of injury to the
head that is documented in a medical record, with one or more of the following conditions attributed to head
injury observed or self-reported: decreased level of consciousness, amnesia, skull fracture, objective
neurological or neuropsychological abnormality, and diagnosed intracranial lesion or(2) an occurrence of death
resulting from trauma, with head injury listed on the death certificate, autopsy report, or medical examiners
report in the sequence of conditions that resulted in death [2]. Consequently, the following International
Classification of Diseases, 9th revision, Clinical Modification (ICD-9-CM) diagnostic codes are used to identify a
TBI admission: 800. 𝑥𝑥, 801. 𝑥𝑥, 803. 𝑥𝑥, 804. 𝑥𝑥, 850. 𝑥𝑥, 851. 𝑥𝑥, 852.0852.5, 853.0853.1, and 854.0854.1 [16].

3 The TBI location-allocation model

In this section, we first provide a brief review of the literature related to our research. Then, we describe our
mixed integer programming model (hereafter, referred to as the TBI location-allocation model) to locate TBI
treatment units in the VA.

3.1 Model background

Location-allocation models seek to simultaneously determine optimal facility locations and the assignment of
customers to the selected facilities. The research literature in facility location is vast. For the interested reader, a
comprehensive review of general facility location models and the methods used to solve them may be found in
Love et al [17] and Cornujols et al [18]. Location-allocation models have been extensively applied in healthcare
settings including locating hospitals in rural regions [19], general healthcare network planning [20], blood banks
[21], managed healthcare networks [22], and trauma care resources [23]. Daskin and Dean [24] provide a
extensive examination of the research regarding the location of healthcare facilities.
Since the TBI location-allocation model is a mixed integer programming model, our research is rooted in the
classic uncapacitated facility location (UFL) model [25]. In general, however, the UFL model has to be modified
to provide realistic representations of commonly encountered service or business environments with variations
resulting in more complicated models. For instance, capacity limits at proposed locations lead to the capacitated
facility location problem, and a bound on the number of open facilities leads to the 𝑝𝑝-median problem. While
the decision versions of the UFL model and its variants belong to the NP-complete class of problems [26], the
variants may be significantly harder to solve than the UFL model since they contain constraints not found in the
UFL model. Consequently, optimal solutions to our type of problem are difficult to obtain and very large
instances may necessitate specialized solution approaches or algorithms [27-30]. Since the focus of our research
is on decision support and managerial insight rather than computational techniques, we used the generalpurpose optimization software Lingo [31] to solve the TBI location-allocation model presented next.

3.2 The TBI location-allocation model

The TBI location-allocation models principal goal is to identify the best locations for the VAs TBI treatment units.
Our optimization model assigns TBI treatment units to existing VA medical centers while minimizing the sum of
admission treatment costs, admission travel costs, and the penalty costs associated with foregone treatment
revenue and excess capacity utilization. An important secondary goal of our model is to inform VA decisionmakers how changes in managerial parameters (e.g., the choice of having a TBI treatment unit at every VA
medical center versus having TBI treatment units at only select VA medical centers) and/or environmental
parameters (e.g., the willingness of TBI admissions to travel great distances to a VA-based TBI treatment unit)
may impact the delivery of TBI treatment in the VA. Our model is a strategic planning tool designed to help VA
decision-makers understand the cost and utilization implications associated with TBI treatment unit location
options.
Formally, the TBI location-allocation model is defined as:
Minimize:
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The subscripts in the TBI location-allocation model are:
𝑖𝑖 medical center index;
𝑗𝑗 TBI admission district index;
𝑘𝑘 retention rate index; and
𝑙𝑙 TBI admission severity level index.

While the subscript identifying potential locations for TBI treatment units (i.e., medical center 𝑖𝑖) is
straightforward, the other subscripts require additional explanation. First, for subscript 𝑗𝑗, we use the term
district to refer to distinct geographical units such as neighborhoods, ZIP codes, or counties. For our model, ZIP
codes and counties are a natural choice for the geographical unit of analysis. VA utilization records contain the
TBI admissions ZIP code of residence and veteran population estimates are also available by ZIP code, both of
which can be easily aggregated for county-level analysis. Similarly, the location of VA medical centers can also be
described by their ZIP codes. Second, with subscript 𝑘𝑘, we use the term retention rate to refer to the proportion
of potential TBI admissions that are willing to travel from district 𝑗𝑗 to medical center 𝑖𝑖. The retention rate aids in
modeling the accessibility to a TBI treatment unit by considering how distance to a TBI treatment unit may affect
a TBI admissions willingness to travel to that TBI treatment unit. For example, there may be a decline in the
number of admissions seeking treatment as the distance to a TBI treatment unit increases. Last, following
Sorenson and Kraus [32] and Teasdale and Jennett [33, 34], we use subscript 𝑙𝑙 to categorize the severity level of
a TBI admission as one of three types: mild, moderate, and severe. Mild injuries are coded in the ICD-9-CM

classification as concussion, late effect of fracture of skull and face bones, late effect of intracranial injury
without mention of a skull fracture and post-concussion syndrome. Moderate injuries are classified as skull
fracture, and severe injuries are classified cerebral laceration and contusion, sub-arachnoid, subdural, extradural
hemorrhage, intracranial hemorrhage and injury [32]. In the general population, approximately 80% of all TBI
admissions are mild, while moderate and severe injuries are equally split at about 10% each [32]. This
distribution, however, does not hold for the VA enrollee population as the majority of VA TBI admissions are
severe [14].
The decision variables for the TBI location-allocation model are the following:
𝑌𝑌𝑖𝑖
𝐹𝐹𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
Ω+
Ω−

1 if a TBI treatment unit is located in medical center 𝑖𝑖, 0 otherwise;
the fraction of severity level 𝑙𝑙 TBI admissions in district 𝑗𝑗 served by medical center 𝑖𝑖 with patient
retention rate 𝑘𝑘, 0 ≤ 𝐹𝐹𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ≤ 1;
total monetary penalty (in $) for exceeding the total TBI admission service goal; and
total monetary penalty (in $) for failing to reach the total TBI admission service goal.

The parameters used in the TBI location-allocation model are the following:
𝑃𝑃𝑗𝑗𝑗𝑗
𝑇𝑇𝑇𝑇
𝑇𝑇𝑇𝑇𝑙𝑙
𝑇𝑇𝑇𝑇
𝑇𝑇𝑇𝑇𝑖𝑖
𝑇𝑇𝑇𝑇𝑙𝑙
Θ𝑙𝑙
𝑐𝑐𝑖𝑖𝑖𝑖
𝑑𝑑𝑖𝑖𝑖𝑖
𝑡𝑡𝑡𝑡
𝑙𝑙𝑙𝑙
𝑛𝑛𝑖𝑖
𝐶𝐶𝑖𝑖

𝜇𝜇
𝜆𝜆𝑡𝑡
𝐶𝐶𝐶𝐶
𝑅𝑅𝑘𝑘𝑘𝑘
𝑈𝑈𝑈𝑈𝑘𝑘𝑘𝑘
𝐿𝐿𝐿𝐿𝑘𝑘𝑘𝑘
ℎ𝑙𝑙

annual expected number of severity level 𝑙𝑙 TBI admissions in district 𝑗𝑗;
total expected number of TBI admissions;
total number of severity level 𝑙𝑙 TBI admissions;
total number of TBI admissions treated;
total number of TBI admissions treated at medical center 𝑖𝑖;
total number of severity level 𝑙𝑙 TBI admissions treated;
average length of stay (in days) for a severity level 𝑙𝑙 TBI admission;
average treatment cost (in $) for a severity level 𝑙𝑙 TBI admission treated at medical center 𝑖𝑖;
average distance in miles between district 𝑗𝑗 and medical center 𝑖𝑖;
average transportation cost (in $) per mile between districts and medical centers;
average lodging cost (in $) per day (this is a standard per diem reimbursement for a TBI admissions
family members);
rehabilitation bed section size (i.e., number of rehabilitation beds available) at medical center 𝑖𝑖;
potential or installed capacity at medical center 𝑖𝑖 calculated as: 𝐶𝐶𝑖𝑖 =

𝑛𝑛𝑖𝑖 ×365 days
∑𝑗𝑗 ∑𝑙𝑙 𝑃𝑃𝑗𝑗𝑗𝑗 Θ𝑙𝑙 ⁄∑𝑗𝑗 ∑𝑙𝑙 𝑃𝑃𝑗𝑗𝑗𝑗

= maximum

number of TBI admissions per year at medical center 𝑖𝑖:
global service level goal for the VA’s TBI patient population, 0 < 𝜇𝜇 ≤ 1;
target service level for severity level 𝑙𝑙 TBI admissions, 0 < 𝜆𝜆𝑙𝑙 ≤ 1;
penalty cost (in $) per admission in excess of the global service level;
proportion of severity level 𝑙𝑙 TBI admissions retained in the kth retention category, 0 ≤ 𝑅𝑅𝑘𝑘𝑘𝑘 ≤ 1;
upper bound (in miles) that applies to the 𝑘𝑘th retention category for a severity level 𝑙𝑙 TBI admission;
lower bound (in miles) that applies to the 𝑘𝑘th retention category for a severity level 𝑙𝑙 TBI admission;
and
penalty cost (in $) per lost severity level 𝑙𝑙 TBI admission (i.e., the cost associated with a TBI admission
not seeking treatment at a VA medical center).

The objective function (1) is based on a system-wide view of costs that considers TBI admission treatment costs,
TBI admission and associated family members travel and lodging costs, penalty costs associated with failing to
serve a severity-specific target level of TBI admissions, and a penalty cost for exceeding the VAs total TBI
admission service goal. While the treatment, travel, and lodging cost components of the objective function are

self-explanatory, the lost admission penalty and the cost in excess of the admission goal components of the
objective function are more involved and require additional explanation. First, the lost admission penalty
represents foregone TBI admission revenue to the VA and is applicable only when less than 100% of a districts
TBI admissions are treated at the VAs TBI treatment units. Essentially, this component captures the monetary
effect of distance and capacity on an admissions propensity to use a particular VA medical center. Although it
would be desirable if all eligible VA enrollees used VA medical centers, the distance to an available VA medical
center, the existence of alternative sources for care (e.g., community hospitals), or simply the willingness to
travel can greatly impact an enrollees decision to use a VA medical center. Second, the cost in excess of the
admission goal is a shared capacity penalty that results from exceeding the total TBI admission service goal
across all severity levels. Because TBI treatment uses resources that are also required by other types of
rehabilitation programs such as stroke, it is important that the shared resources be available to all medical
services when required. Hence, the penalty for exceeding the total TBI service goal is imposed to discourage any
particular medical service, such as TBI treatment, from overusing overheads and other shared capacities in VA
medical centers, thereby adversely affecting the availability and accessibility of other medical services.
The omission of fixed facility costs from the objective function also requires some explanation. Because the VA
medical centers already exist, the context for this study has predetermined facility locations and our locationallocation decision is to identify which VA medical centers should have TBI treatment units. As such, the vast
majority of fixed operating and overhead costs associated with the VA medical centers will be incurred
regardless of the location decisions made by the TBI location-allocation model. Since it is traditional to exclude
sunk costs and include only relevant costs in the objective functions of quantitative decision models [35], fixed
facility costs can be ignored without consequence. On the other hand, as will be discussed in Section 4, variable
overhead costs are included in the average treatment cost for each severity level 𝑙𝑙 TBI admission.

The constraint sets for the TBI location-allocation model are described as follows. First, constraint sets
(2)through (6) are definitional. Constraint set (2) provides the total number of TBI admissions served by a
medical center (i.e., 𝑇𝑇𝑇𝑇𝑖𝑖 ), constraint set (3) provides the total number of TBI admissions served by severity level
(i.e., 𝑇𝑇𝑇𝑇𝑙𝑙 ), constraint set (4) provides the overall number of TBI admissions served (i.e., 𝑇𝑇𝑇𝑇), constraint set (5)
provides the total expected number of TBI admissions by severity level (i.e., 𝑇𝑇𝑇𝑇𝑙𝑙 ), and constraint set (6) provides
the overall expected number of TBI admissions (i.e., 𝑇𝑇𝑇𝑇). Since TBI treatment involves shared rehabilitation
resources, constraint set (7) is a goal constraint that determines the cost associated with the over-use (i.e., Ω+ )
or under-use (i.e., Ω− ) of the shared capacity by this particular medical service. For example, suppose the total
TBI admission service goal aims to treat 𝜇𝜇 = 15% of all eligible VA TBI admissions (in essence, a market share).
If, at optimality, the total proportion of TBI admissions served is 17%, the value of Ω+ is the cost of over-using
the shared capacity and its value is added to the objective function; in effect, by serving above 𝜇𝜇 restricts
medical center capacity for providing non-TBI treatment services and the shared capacity penalty cost is
incurred. Conversely, if at optimality the total TBI admission served is 13%, the value of Ω− is cost of under-using
the shared capacity. However, Ω− is not part of the objective function since it does not adversely affect medical
center capacity for providing non-TBI treatment services. Constraint sets (8) and (9) ensure that the number of
TBI admissions served does not exceed the target service level for each severity and the capacity limit at each
medical center, respectively. Constraint sets (10)and (11) enforce the retention rates by specifying the upper
bound and lower bound that apply to each retention rate category. Constraint set (12) provides an upper limit
on the fraction of TBI admissions served at a given medical center. If a medical center has a TBI treatment unit,
the fraction served could be at most 100%, whereas without a treatment unit, the fraction served would be 0%.
Last, constraint set (13) defines the binary decision variables, constraint set (14) defines the continuous
bounded decision variables, and constraint set (15) determines the values for Ω+ and Ω− used in constraint set
(7).

4 Estimation of the TBI location-allocation model parameters
In this section, we describe how we estimate parameters for the TBI location-allocation model. Estimates of the
model’s parameters involve a variety of VA and non-VA data sources or are based upon the expert judgment or
prerogative of VA decision-makers. We note that because the majority of the data are coming from proprietary
sources, the estimates given in this section and in Section 5 are reasonable proxies for the exact values.

4.1 Expected number of TBI admissions

The expected number of severity level l TBI admissions in district 𝑗𝑗, 𝑃𝑃𝑗𝑗𝑗𝑗 , is determined by applying the CDCs TBI
hospitalization incidence rates, adjusted for age and gender, to the VA enrollee population. The VA enrollee
population estimates are obtained from the VHA Office of the Assistant Deputy Under Secretary for Health for
Policy and Planning (http://www.va.gov/vhareorg/. Nationally, we expect approximately 1,700 mild TBI
admissions, 980 moderate TBI admissions, and 9,300 severe TBI admissions per year.

4.2 Average length of stay per TBI admission

The VA inpatient workload file housed at the Austin Automation Center is the VAs primary data repository
(http://www.virec.research.med.va.gov. This file is the principal source of the post-discharge utilization data and
contains demographic (e.g., gender, race, marital status, date of birth, age, period of military service, and state,
county, and ZIP code) and summary information about each inpatient episode (e.g., medical center where care
took place, date of admission, number of diagnoses, number of bed sections, number of procedure segments,
number of operations, the diagnosis responsible for length of stay, nine diagnostic codes for co-morbidities,
length of stay, and discharge status including death). Using the CDC algorithm to identify TBI admissions, VA
inpatient records were searched for TBI diagnostic codes in either the primary or secondary fields in order to
estimate the average length of stay (in days) for a severity level l TBI admission, l. The
average length of stay (in days) for mild, moderate, and severe TBI admissions is 26, 14, and 13 days,
respectively. In general, the mild TBI admissions may have longer observation periods to determine cognitive or
physical deficits. Also, mild TBI admissions may be the ones who need and respond to rehabilitation better than
severe TBI admissions, and perhaps even better than some moderate TBI admissions.

4.3 Treatment cost per TBI admission

Numerous published studies have examined cost variation in VA medical centers (see, for e.g., [36, 37]). In fact,
previous research has shown that the majority of variation in costs of treatment for VA patients occurs at the
patient-level rather than the medical center-level [37]. As such, admission-specific and patient-specific
treatment cost data were obtained from the VA through the Health Economic Resource Center (HERC)
(http://www.herc.research.med.va.gov). We model the treatment cost per TBI admission using the TBI
admission as the unit of observation with an emphasis on determining the effects of TBI treatment unit capacity
and utilization on overall treatment costs.
In order to estimate the treatment cost per TBI admission, 𝑐𝑐𝑖𝑖𝑖𝑖 , and following Carey [37], we use a two-level
hierarchical linear model of TBI treatment costs where admission characteristics influence costs directly (i.e.,
level one) and medical center characteristics (including TBI treatment unit capacity) in turn influence both the
level of TBI admission costs and the effects of patient characteristics on costs (i.e., level two). In this design,
admissions are nested within facilities to form a hierarchical structure that models important variations in costs
across both admissions and medical center dimensions simultaneously. This approach has important advantages
over traditional methods. Not only can the contributions of facilities and admissions to cost variation be
measured separately, but admissions treated in varying locations of care (e.g., hospitals, nursing homes, and
rehabilitation units) can be included in the analysis. Treatment costs range from $16,000 to $29,000 per
admission by severity level, with generally higher treatment costs for mild TBI admissions.

4.4 Distance and travel cost parameters

We use the ZIP code centroid for each expected TBI admission to calculate the distance to all potential VA TBI
treatment units, 𝑑𝑑𝑖𝑖𝑖𝑖 . Average transportation cost per mile between a district and a medical center, 𝑡𝑡𝑡𝑡 and
average lodging cost per day, 𝑙𝑙𝑙𝑙, are based upon VA reimbursement rates for family members accompanying a
TBI admission to a VA medical center, namely 𝑡𝑡𝑡𝑡 = $0.40/mile and 𝑙𝑙𝑙𝑙 = $100/day.

4.5 TBI treatment unit capacity

The physical characteristics of VA medical centers, including rehabilitation bed section size, actual operating
beds, occupancy rates, and the like, are available from the Veterans Integrated Service Network Support Service
Center (VSSC) (http://vssc.med.va.gov). This center provided data for the rehabilitation bed section size at
medical center 𝑖𝑖, 𝑛𝑛𝑖𝑖 , and, in turn, the data to estimate the potential or installed capacity at each medical center,
𝐶𝐶𝑖𝑖 . For the VA medical centers described in Section 5, the maximum number of TBI admissions per medical
center could range between 900 admissions/year to greater than 10,000 admissions/year.

4.6 Penalty cost for lost TBI admissions

Specifying the penalty cost per lost severity level 𝑙𝑙 TBI admission, ℎ𝑙𝑙 , is conceptually difficult. In order to
determine its value, we view this penalty cost from two perspectives. The first perspective considers the costs
incurred by society from the unavailability of VA-based TBI treatment. Here, the penalty cost can be conceived
as a combination of the costs for those who receive treatment elsewhere and the costs associated with
foregone treatment as measured by increased morbidity and mortality for those who do not receive treatment
at all. The second perspective involves the foregone benefits incurred by society when VA-based TBI treatment
is unavailable. Presumably, these foregone benefits can be measured by either the value placed on TBI
treatment by those who receive treatment elsewhere, or the value placed on the improved health status
associated with TBI treatment.
We choose to use an estimate of the mean community treatment cost of a severity level 𝑙𝑙 TBI admission as an
approximation to the penalty cost in the TBI location-allocation model (i.e., approximately $25,000 to $50,000).
The advantage to using the mean community treatment cost as the penalty cost stems from basic welfare
economics. In welfare economics, observed market prices (i.e., costs) approximate both the marginal cost (i.e.,
supply) and marginal benefit (i.e., demand) of a service. The marginal cost of treating a TBI admission
corresponds to the first perspective, while the marginal benefit of treating a TBI admission corresponds to the
second perspective. While healthcare markets do not always operate in textbook fashion, the mean community
cost for a severity level 𝑙𝑙 TBI admission is the closest empirically observable value to the theoretical ideal.

4.7 Decision-maker parameters

Four of TBI location-allocation models parameters are elicited from VA decision-makers in order for the model
to be used for what-if analyses: (1) global service level for the VAs TBI patient population, 𝜇𝜇, (2) target service
level for severity level 𝑙𝑙 TBI admissions, 𝜆𝜆𝑙𝑙 , (3) the penalty per admission in excess of the global service level, 𝐶𝐶𝐶𝐶,
and (4) the proportion of severity level 𝑙𝑙 TBI admissions retained in the kth retention category, 𝑅𝑅𝑘𝑘𝑘𝑘 . The impact
of these parameters is discussed in greater detail in the next section where we present an application of the TBI
location-allocation model.

Fig. 1 Location of the Florida-based VA medical centers in VISN 8

5 Application of the TBI location-allocation model
In this section, we provide an application of the TBI location-allocation model using VA TBI admission data from
one of the VAs integrated service networks. Our application is evaluated with respect to the expected service
and cost implications for a range of model settings, including centralization of TBI treatment units, admission
retention rates, the penalty costs associated with not treating all VA TBI admissions, and the cost for exceeding
the target VA TBI admission goal. Computational analysis of our model was conducted on a Pentium 2.3 GHz PC
with solution times of the TBI location-allocation model in the neighborhood of 15 CPU seconds, on average.

5.1 Veterans Integrated Service Network 8
Currently, the VA has 21 integrated service networks that cover the United States, Puerto Rico, and the U.S.
Virgin Islands. The Veterans Integrated Service Network 8 (VISN8) service area spans approximately 63,400
square miles and includes 60 of 67 Florida counties, 19 of the southernmost counties in Georgia, and all of
Puerto Rico and the U.S. Virgin Islands. This VISN has seven VA medical centers (6 in Florida and 1 in Puerto
Rico), ten multi-specialty outpatient clinics, 35 community-based primary care clinics, eight nursing homes, and
two domiciliaries. (Note that because of the unique geographic nature of Puerto Rico and the U.S. Virgin Islands,
only the contiguous U.S. portion of VISN 8 is considered in this application of the TBI location-allocation model.)
Figure 1 is a map of the contiguous U.S. portion of VISN 8 and indicates where the six VA medical centers are
located in Florida.
After applying the CDCs TBI hospitalization incidence rates, adjusted for age and gender, to VISN 8s VA enrollee
population, we expect approximately 117 mild, 68 moderate, and 665 severe TBI admissions. Figure 2 illustrates
the expected distribution of TBI admissions by severity level for each county in VISN 8. Across all severity levels,
lighter shaded counties indicate a lower expected incidence of TBI than darker shaded counties. Clearly, the
highest expected incidences occur in areas with high population densities such as around Miami, Orlando, and
Tampa, while the lowest expected incidences occur in sparsely populated rural communities.

5.2 Modeling parameters and scenarios

To illustrate the capability of the TBI location-allocation model, we solved a total of 81 settings based upon three
levels of capacity centralization, three retention rate functions, three levels of penalty cost per lost severity level
l TBI admission, and three levels of penalty cost per admission in excess of the global service level. The three
levels of TBI treatment unit centralization are: (1) full centralization with a TBI treatment unit at the Tampa VA
medical center only (i.e., all other medical centers are not allowed to have a TBI treatment unit), (2) partial
centralization with TBI treatment units potentially located at the Gainesville, Miami, and Tampa medical centers,
and(3) complete decentralization with TBI treatment units potentially located at all six VISN 8 medical centers.

Fig. 2 Expected incidences for TBI admissions by county for VISN 8
Three retention rate functions are used to illustrate variations on admission willingness to travel to a TBI
treatment unit and serve to model the accessibility of the TBI treatment units. These functions are: (1) an
insensitive function where there is no admission attrition resulting from travel distance, (2) a linear function
where admission retention is linearly proportional to distance, and (3) a steep function where admission
retention drops sharply as distance increases. Each retention rate function was discretized into three equally
spaced steps to fit constraint sets (10) and (11). We assume without loss of generality that all three severity
levels have identical retention rate functions for each setting.

Table 1 Allocated TBI admissions by level of treatment unit centralization and admission retention rate
Level of centralization
Admission retention rate
Insensitive
Linear
Steep
Min.
Avg. Max. Min.
Avg. Max. Min. Avg.
Full centralization
425
641 839 425
543 708 425
469
Partial centralization
425
621 850 425
606 811 425
570
Complete decentralization 425
615 850 425
589 835 43
501
Overall
425
626 850 425
579 835 43
513

Overall
Max.
592
763
820
820

Min.
425
425
43
43

Avg.
551
599
568
573

Table 2 Allocated TBI admissions by VA medical center under varying levels of treatment unit centralization
Facility
TBI
Level of
admissions
centralization
Full centralization
Partial
Complete
centralization
decentralization
Min.
Avg. Max. Min.
Avg. Max. Min.
Tampa

Gainesville
Miami
Bay Pines
Lake City
West Palm
Beach

Mild
Moderate
Severe
Mild
Moderate
Severe
Mild
Moderate
Severe
Mild
Moderate
Severe
Mild
Moderate
Severe
Mild
Moderate
Severe

0
0
425

27
17
506

115
67
657

0
0
142
0
0
153
0
0
0

5
8
211
13
6
243
2
6
105

35
25
283
116
25
283
27
32
251

Max.
839
850
850
850

Avg.

Max.

0
0
0
0
0
42
0
0
0
0
0
0
0
0
0
0

0
2
22
1
4
130
0
6
63
8
0
13
7
0
75
8

0
129
142
8
25
142
1
27
126
116
1
81
27
2
142
36

0
0

0
123

6
142

Table 3 Expected treatment cost (in $1,000,000s) by level of treatment unit centralization and admission retention rate
Level of centralization
Admission retention rate
Insensitive
Linear
Steep
Min.
Avg.
Max. Min.
Avg.
Max. Min. Avg.
Max.
Full centralization
7.46
11.32 14.97 8.14
10.91 14.97 9.51
10.65 14.61
Partial centralization
7.08
11.14 16.43 7.31
11.43 16.30 7.37
10.81 15.49
Complete decentralization 7.08
11.38 16.61 7.26
10.83 16.57 0.69
9.38 16.47
Overall
7.08
11.25 16.61 7.26
11.06 16.57 0.69
10.28 16.47

Overall
Min.
7.46
7.08
0.69
0.69

Avg.
10.96
11.12
10.50
10.86

Max.
14.97
16.43
16.61
16.61

Table 4 Expected lost admission penalty cost (in $1,000,000s) by level of treatment unit centralization and admission retention rate
Level of centralization
Admission retention rate
Overall
Insensitive
Min.

Linear
Avg.

Max.

Min.

Steep
Avg.

Max.

Min.

Avg.

Max.

Min.

Avg.

Full centralization
0.72
10.30 27.26 11.56 17.98 27.72 16.64 24.02 37.89 0.72
17.43
Partial centralization
0.00
11.42 27.26 7.49
15.72 27.26 3.65
12.77 27.26 0.00
13.31
Complete decentralization 0.00
12.03 27.26 1.40
13.92 27.26 2.81
18.44 35.76 0.00
14.71
Overall
0.00
11.16 27.26 1.40
14.89 27.72 2.81
19.39 37.89 0.00
15.15
Cost entries of 0.00 do not necessarily imply that the corresponding cost entry is $0. Rather, these cost entries may be less than $10,000.

Max.
37.89
27.26
35.76
37.89

Table 5 Expected capacity penalty cost (in $1,000,000s) by level of treatment unit centralization and admission retention rate
Level of centralization
Admission retention rate
Overall
Insensitive
Linear
Steep
Min.
Avg. Max. Min.
Avg. Max. Min. Avg. Max. Min.
Avg. Max.
Full centralization
0.00
8.48 20.72 0.00
4.45 11.84 0.00
1.41 5.66 0.00
4.78 20.72
Partial centralization
0.00
7.76 18.04 0.00
7.13 15.57 0.00
5.47 15.28 0.00
6.79 18.04
Complete decentralization 0.00
8.05 20.72 0.00
6.20 15.27 0.00
6.13 15.10 0.00
6.63 18.04
Overall
0.00
7.93 20.72 0.00
5.93 15.57 0.00
4.34 15.28 0.00
6.06 20.72
Cost entries of 0.00 do not necessarily imply that the corresponding cost entry is $0. Rather, these cost entries may be less than $10,000.
Table 6 Expected total lodging cost (in $1,000,000s) by level of treatment unit centralization and admission retention rate
Level of centralization
Admission retention rate
Overall
Insensitive
Linear
Steep
Min.
Avg. Max. Min.
Avg. Max. Min. Avg. Max. Min.
Avg.

Max.

Full centralization
Partial centralization
Complete decentralization
Overall

0.55
0.55
0.55
0.55

0.88
0.83
0.84
0.85

1.25
1.26
1.26
1.26

0.55
0.55
0.55
0.55

0.74
0.82
0.80
0.79

1.05
1.21
1.24
1.24

0.55
0.55
0.06
0.06

0.64
0.78
0.69
0.70

0.88
1.12
1.22
1.22

0.55
0.55
0.06
0.06

0.75
0.81
0.77
0.78

1.25
1.26
1.26
1.26

Table 7 Expected total travel cost (in $1,000,000s) by level of treatment unit centralization and admission retention rate
Level of centralization
Admission Retention Rate
Overall
Insensitive
Linear
Steep
Min.
Avg. Max. Min.
Avg. Max. Min. Avg. Max. Min.
Avg. Max.
Full centralization
0.02
0.05 0.07 0.03
0.05 0.07 0.04
0.04 0.07 0.02
0.05 0.07
Partial centralization
0.02
0.03 0.05 0.02
0.03 0.04 0.02
0.03 0.04 0.02
0.03 0.05
Complete decentralization 0.01
0.03 0.07 0.01
0.02 0.04 0.00
0.02 0.04 0.00
0.02 0.04
Overall
0.01
0.04 0.07 0.01
0.03 0.07 0.00
0.03 0.07 0.00
0.03 0.07
Cost entries of 0.00 do not necessarily imply that the corresponding cost entry is $0. Rather, these cost entries may be less than $10,000.

Last, the three levels of penalty cost per lost TBI admission and the three levels of penalty cost per admission in
excess of the global service level are based upon percentages of the initial estimates of these penalty costs;
namely, 50, 100, and 150%. Summary statistics for cost and allocated admissions are calculated as minimum
(i.e., the lowest number of admissions or the lowest cost), average (i.e., the average number of admissions or
the average of all costs), and maximum (i.e., the highest number of admissions or the highest cost). We include
all potential admissions at each level of severity in computing the total demand for TBI treatment. However, if
total allocated admissions are greater than 5% of total demand, the shared capacity penalty is incurred in order
to ensure that this VISNs system resources are relatively balanced across all rehabilitation programs. In
accordance with this, we have set the global service level for the VAs TBI patient population equal to 𝜇𝜇 = 5%,
and the target service level for severity level l TBI admissions equal to 𝜆𝜆𝑙𝑙 = 100%.

5.3 Modeling results and implications

To help VA decision-makers understand how TBI treatment unit location (modeled as either full centralization,
partial decentralization, or full decentralization) and accessibility of the TBI treatment units (modeled as
insensitive, linear, or steep retention rate functions) affect the utilization of the VAs TBI treatment units (i.e.,
expected number of TBI admissions allocated the VA TBI treatment units) and the costs borne by the VA and by
the TBI admissions and their families, we examine each of these areas in turn.
Table 1 provides the expected allocated TBI admissions by level of treatment unit centralization and admission
retention rate. Predictably, when the TBI treatment unit location moves from a single centralized location to the
possibility of having many decentralized locations, there is a corresponding increase in the number of allocated
admissions, effectively increasing access to TBI treatment. In contrast, when admissions exhibit a greater
reluctance to travel to a VA TBI treatment unit, allocated admissions decreases, and the smallest number of
admissions occurred in the setting with a steep retention rate function. Thus, TBI treatment unit utilization will
increase with either more TBI treatment units and/or TBI admissions who are willing to travel.
Table 2 presents the allocated TBI admissions by VA medical center by level of treatment unit centralization. This
table illustrates that as the degree of decentralization increases, the allocation of admissions becomes more
evenly distributed across the medical centers. Of particular interest are the results associated with complete
decentralization where it is possible for any of the six medical centers to have a TBI treatment unit. In the
complete decentralization column, the summary statistics indicate that the overwhelming majority of the
minimum admission results are 0 admissions regardless of severity. In fact, except for the severe TBI admissions
allocated to the Gainesville medical center, there was at least one severity level for which each candidate
medical center serves 0 admissions. This implies that an open TBI treatment unit does not necessarily guarantee
admissions. Rather, these results reinforce the important interaction that exists between cost, service level,
available capacity, and distance on admission allocation.
Tables 3, 4 and 5 provide the summary statistics for the costs borne by the VA for treatment, lost admission, and
shared capacity across the 81 settings, respectively. Table 3 shows that average treatment cost has little
variation ranging between $9.4 million and $11.4 million across all levels of centralization and retention rates.
Interestingly, both the lowest expected treatment cost of $0.7 million and the highest expected treatment cost
of $16.6 million occurred under complete decentralization. For the former, a steep retention rate function
coupled with a low penalty cost per lost TBI admission and a high penalty cost per admission in excess of the
global service level severely reduced the expected number of TBI admissions treated. The combination of
admissions who were unwilling to travel, non-VA medical centers that are less expensive than the VAs TBI
treatment units, and a high cost associated with using the VAs shared resources implies that the VAs TBI
admissions will not be allocated to VA TBI treatment units. For the latter, the opposite was true; namely, an
insensitive retention rate function, a high penalty cost per lost TBI admission, and a low penalty cost per

admission in excess of the global service level provided for almost all of the expected TBI admissions to be
treated at VA medical centers.
Tables 4 and 5 display the lost admission penalty cost and the expected capacity penalty cost, respectively. The
lost admission and capacity penalties can be viewed as competing levers whose interaction significantly impacts
the number of admissions allocated to the TBI treatment units. In Table 4, expected lost admission penalty cost
exhibits the greatest variation of all costs borne by the VA. First, the greater the reluctance to travel, the higher
the lost admission penalty cost will be when the level of centralization allows only one TBI treatment unit or all
VA medical centers to have a TBI treatment unit. Under full centralization, the effects of admission retention are
the most severe and many admissions are not allocated to the single TBI treatment unit. Under complete
decentralization, each medical center has limited capacity, and some admissions are allocated to non-local
medical centers that have unused capacity. Unfortunately, it is often the case that medical centers with unused
capacity may be too remote to be accessible and TBI admissions may forego the VA in favor of treatment at a
closer, non-VA medical center.
In Table 5, the expected capacity penalty cost exhibits much more variation than the expected treatment cost. In
general, the lowest level of the shared capacity penalty corresponds to the lowest overall system cost (i.e., sum
of treatment, lost admission penalty, and capacity penalty costs) and the highest number of admissions
allocated, regardless of the level of the lost admission penalty. This happens because the lowest level of the
shared capacity penalty is usually more than offset by the lost admission penalty. Because TBI treatment occurs
in rehabilitation bed sections where a variety of rehabilitation services including TBI treatment are provided, a
relatively low shared capacity penalty combined with a relatively high lost admission penalty could be used to
increase the number of TBI admissions allocated. However, it should be noted that this result may be specific to
the empirical cost structure of VISN 8, which is quite responsive to the lost admission penalty level. On the
whole, the results indicate that the shared capacity penalty should be low relative to the lost admission penalty
if the intent is to increase TBI admissions at the VA, and vice versa if the necessary resources are scarce and it is
necessary to limit TBI treatment.
Finally, Tables 6 and 7 provide expected total lodging and travel costs across capacity centralization and the
retention rate functions, respectively. These tables provide summary statistics for the admission- or familyborne costs for the 81 settings. In general, both lodging and travel costs represent a small proportion of the total
objective function cost because of the magnitude of the other cost coefficients. However, these costs should not
be taken lightly as they could represent a significant expense for a TBI admission and his/her family. In fact,
these costs may influence an admissions decision to seek treatment at the VA or elsewhere.
In Table 6, expected total lodging cost is typically the lowest under full centralization, provided that the
admissions exhibit some reluctance to travel. This is to be anticipated since full centralization also tends to
allocate the fewest admissions, especially with a steep retention rate. On the contrary, Table 7 shows that the
lowest total travel cost corresponds to complete decentralization, whereas the highest total travel cost
corresponds to full centralization, regardless of retention rate. This reflects the fact that most admissions are
treated relatively close to their home ZIP code under complete decentralization, while many admissions have to
travel great distances in order to be treated at a relatively distant facility under full centralization. Both lodging
costs and travel costs relate to the retention rates in a predictable fashion: an insensitive retention rate
corresponds to the highest number of admissions treated implying the highest average lodging and travel costs,
while the opposite is true for the steep retention rate. Although not shown, the average lodging and travel cost
per admission ranged from $1,322 to $1,595. Further, since an insensitive retention rate is relatively rare in the
demand for health services, decision-makers ought to consider how to induce admissions to choose the VA for
treatment. For example, where admission retention can be influenced through incentive plans such as
discounted or subsidized lodging or travel expenses, the marginal cost associated with reimbursing an

admissions family for their lodging and travel expenses may be more than offset by increased admission volume
and higher utilization of the TBI treatment units.

6 Conclusion
We have described and demonstrated a comprehensive location-allocation model to provide decision support
for the location of the VAs TBI treatment units and the allocation of admissions to these units. The application of
the TBI location-allocation model to VISN 8 established that our model provides an analytically coherent and
useful approach for locating TBI treatment units, as well as for planning expansions or consolidations of such
rehabilitation programs. Likewise, the application showed that model results and expected system outputs, such
as number of admissions treated and cost, are very dependent on the managerial and environmental
parameters. In particular, decision-makers should pay close attention to the degree of centralization of their
healthcare services, admission retention, and the interaction between these two factors when contemplating
location decisions. While decentralized TBI treatment units are attractive from the perspective of accessibility,
available resources (e.g., physical space, healthcare professionals, etc.), suitability of the medical center for
housing a TBI treatment unit, and the need for and type of other medical services provided must also influence
the location decision. Further, if the environment warrants, when decision-makers are deciding upon service
location and capacity, the existence of and the ability to use shared capacity or the possibility and extent of lost
admissions are important additional factors to consider.
As with any deterministic optimization model, the TBI location-allocation model is not a magic box that can
automatically consider and resolve the myriad factors and issues that surround final TBI treatment unit location
decisions. The TBI location-allocation model is a useful decision support tool that captures many important
features of the VAs location environment but with certain limitations. For example, our model does not directly
take into account any effect of admission volume on the quality of care. If increased admissions to a particular
TBI treatment unit improves or detracts from the quality of care in that unit, then such effects must be taken
into account exogenously. Theoretically, if the precise relationship between admission volume and quality of
care were known, a minimum/maximum size constraint could be added to the model for the respective
treatment units. Similarly, the treatment cost parameters in the objective function could be decreased or
increased appropriately or a quality-level goal constraint involving admission volume could be added. Currently,
such information is unavailable to us. Also, our model does not explicitly triage TBI admissions into those who
should be treated in a TBI treatment unit versus those who should be treated elsewhere. Any such medically
appropriate triage would have to occur by incorporating specific clinical decision rules in summarizing the
utilization data used by the TBI location-allocation model. Last, the TBI location-allocation model does not
include a budget constraint to dictate the quantity and type of TBI treatment units that may be located in VA
medical centers. The absence of a budget reflects the primary mission of the VA that emphasizes service to the
VAs enrollee population. The model that we developed focuses on cost minimization relative to service goals,
and an explicit budgetary constraint is not included because of the belief that a budget by itself should not be a
primary driver of the decision process with respect to TBI treatment in the VA. If VA decision-makers deem that
a particular solution is not acceptable from a budgetary point of view, the model can be re-run with modified
decision-maker parameters until a solution that is acceptable from a cost or budgetary perspective is attained.
There are a variety of potential extensions to this research. First, it is straightforward to extend the locationallocation methodology we have developed here to other priority physical medicine and rehabilitation service
areas within the VHA, such as stroke, spinal cord dysfunction, amputations, burns, orthopedic disorders,
neurological conditions (e.g., multiple sclerosis, Parkinsonism, polyneuropathy), and/or poly-trauma injuries.
Second, under the existing TBI location-allocation model, additional constraints could be incorporated to allow
decision-makers to explore the attractiveness of a TBI treatment unit by its capability to treat a range of TBI

severities. Following Huff [38] and Nakanishi and Cooper [39] and as applied in Schweikhart and Smith-Daniels
[22], preference indices (like a concave utility function) could be constructed to model the relationship between
distance to a TBI treatment unit and that units treatment capability. Last, because our TBI location-allocation
model is time-invariant, the complex relationship between an organizations strategic planning horizon, the
longitudinal demand for its services, and the location and allocation of its resources is worthy of additional
consideration.
In 2004, the VA announced plans to close three medical centers in the northeastern United States, and open two
new medical centers, one in Nevada, and the other in Florida in response to migrating veteran populations [40].
With location-allocation decisions, it is relatively easy to open or close health services such as TBI treatment
units, but it is considerably more difficult and much more expensive to open or close healthcare facilities, like VA
medical centers.
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